The transcription apparatus in Archaea can be described as a simplified version of its eukaryotic RNA polymerase (RNAP) II counterpart, comprising an RNAPII-like enzyme as well as two general transcription factors, the TATA-binding protein (TBP) and the eukaryotic TFIIB orthologue TFB 1,2 . It has been widely understood that precise comparisons of cellular RNAP crystal structures could reveal structural elements common to all enzymes and that these insights would be useful in analysing components of each enzyme that enable it to perform domain-specific gene expression. However, the structure of archaeal RNAP has been limited to individual subunits 3,4 . Here we report the first crystal structure of the archaeal RNAP from Sulfolobus solfataricus at 3.4 Å resolution, completing the suite of multi-subunit RNAP structures from all three domains of life. We also report the highresolution (at 1.76 Å ) crystal structure of the D/L subcomplex of archaeal RNAP and provide the first experimental evidence of any RNAP possessing an iron-sulphur (Fe-S) cluster, which may play a structural role in a key subunit of RNAP assembly. The striking structural similarity between archaeal RNAP and eukaryotic RNAPII highlights the simpler archaeal RNAP as an ideal model system for dissecting the molecular basis of eukaryotic transcription.
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RNAP is the central enzyme of gene expression, and all life forms have RNAPs that function as multi-subunit protein complexes (multi-subunit RNAP) with subunit compositions that vary depending on the domain of life 5 . The common core of the multi-subunit RNAPs comprises five subunits that are conserved from bacteria to humans. Bacterial RNAP is the simplest form of this family (composed of the minimum b9ba I a II v subunits), whereas in Eukarya, RNAPII possesses additional polypeptides to form a 12-subunit complex, which is responsible for synthesizing all mRNAs in the cell. Previous crystal structures of bacterial core 6 and holoenzymes 7 , as well as RNAPII [8] [9] [10] [11] [12] [13] [14] , have provided insight into structural and functional aspects of RNAPs, but the archaeal RNAP structure remains to be elucidated. On the basis of subunit composition, sequence similarity and the requirement of general transcription factors for promoter recognition and transcription, archaeal and eukaryotic RNAPs have been proposed as being structurally similar. A crystal structure of the archaeal RNAP, however, has been needed to allow a precise comparison of the transcriptional machineries from all three domains of life, and to generate new insights about structural domains and motifs of cellular RNAPs that participate in the assembly of these multi-component molecular machines and in transcription processes.
We have purified native RNAP from S. solfataricus for crystallization and structure determination (see Methods). Because of the high sequence conservation among RNAPs from all species in Archaea 15 , insights derived from the S. solfataricus RNAP can be generalized to the transcription apparatus from this entire domain. The overall structure of the RNAP resembles a 'crab claw' with a protruding 'stalk' formed by the E9/F subcomplex (Fig. 1a) . The relative positioning of the RNAP core and stalk are highly conserved between archaeal RNAP and the three classes of eukaryotic RNAPs (Fig. 2) 16 . In the crystal structure of archaeal RNAP, the clamp is in its closed conformation ( Supplementary Fig. 1 ), most probably because of the presence of the E9/F subcomplex. Structural studies of RNAPII have proposed that the function of the stalk (Rpb7/Rpb4 subcomplex) is to modulate the clamp conformation: in the absence of the subcomplex, the RNAPII clamp is in the open conformation, whereas in the presence of the subcomplex, the clamp is closed 8, 11, 12 . In archaeal RNAP, another function of the E9/F subcomplex has been proposed from in vitro reconstitution studies of archaeal RNAP: it facilitates transcription bubble formation of the RNAP-promoter DNA complex under certain conditions [17] [18] [19] . The archaeal RNAP structure enables a direct comparison of RNAPs from Bacteria, Archaea and Eukarya ( among cellular RNAPs. The structures of the surfaces vary between the bacterial and the eukaryotic enzymes ( Supplementary Fig. 2b ); in contrast, there is striking structural conservation between archaeal and eukaryotic enzymes distributed throughout the entire structure ( Supplementary Fig. 2a ). For the largest subunit, the entire architecture of Rpb1 (RNAPII) can be superimposed on the A9/A99 subunits (archaeal RNAP) with small deviations around the foot domain (Figs 3a, b and Supplementary Fig. 4b ; structural similarity is 68.9%, Supplementary Table 1) . Counterparts for the Rpb1 jaw and clamp head domains are disordered in the archaeal RNAP crystal structure, making their structural similarities uncertain. In contrast, the structural similarity between Rpb1 and the bacterial b9 subunit is only 50% (Supplementary Table 1) ; there are substantial differences in the foot (Fig. 3c) , pore1, cleft and dock domains, and there are no Rpb1 jaw and clamp head counterparts in the b9 subunit ( Supplementary Fig. 4c ). In addition, Thermus aquaticus b9 contains a lineage-specific insertion (Taq b9 NCD, 283 residues) between conserved regions A and B 6, 20 . In Archaea, the largest subunit is split into two polypeptides, A9 and A99, which are encoded by separate genes in an operon 1,2,15 . Sequence alignments reveal that archaeal A9 and A99 correspond to the amino (N)-terminal two-thirds and the carboxy (C)-terminal one-third of the RNAPII Rpb1 subunit, respectively, and that the junction between A9 and A99 is positioned at the Rpb1 'foot' domain 8 ( Fig. 3a and Supplementary Fig. 4 ). The archaeal RNAP foot domain consists of four a helices ( Supplementary Fig. 5a ), composed of the C terminus of A9 (15 residues) and the N terminus of A99 (62 residues). The corresponding RNAPII foot has a more complex architecture formed by a continuous polypeptide including eight a-helices and two anti-parallel b-strands ( Fig. 3b and Supplementary Fig. 5b ), but the same four-a-helix architecture, which is found in the archaeal RNAP, is conserved in the centre of the RNAPII foot domain. In contrast, the bacterial foot domain has a completely different architecture (Fig. 3c) .
Compared with the largest subunit, the structural similarity between RNAPII Rpb2 and the archaeal B subunit is higher (90%, Supplementary Fig. 6b and Supplementary Table 1 ). In contrast, the structural similarity between RNAPII and the bacterial b subunit is only 64.9%, and there are deviations in external domains 1 and 2, the hybrid binding and clamp domains, as well as the flap loop/flap-tip helix region (Supplementary Fig. 6c ).
Although the two largest conserved subunits provide most of the catalytic functions, their assembly is dependent on the presence of two other conserved subunits, which form a platform for assembly (the D/L 15 , Rpb3/Rpb11 (ref. 8 ) and a I /a II 6, 21, 22 in archaeal, eukaryotic and bacterial enzymes, respectively, Fig. 2) . Interestingly, phylogenetic analyses 23 and ultraviolet-visible spectra ( Supplementary Fig.  7a ) suggested that S. solfataricus RNAPs may contain an Fe-S cluster in the D subunit. To obtain direct evidence of an Fe-S cluster within RNAP as well as to determine its chemical structure and chelation to the protein, we solved the crystal structure of the S. solfataricus D/L subcomplex at 1.76 Å resolution. The D subunit forms a heterodimer with the L subunit (D/L subcomplex), which has an architecture that is almost identical to its eukaryotic (Rpb3/Rpb11 heterodimer) and bacterial (a homodimer) counterparts (Supplementary Fig. 8 ). The D subunit consists of three domains: a 4Fe-4S cluster-binding domain, domain 2 and a dimerization domain (Fig. 1b) . (Fig. 1c) and one additional C206 is positioned nearby, suggesting that the cluster may exist as 4Fe-4S in vivo (Supplementary Fig. 7c ). Two other residues, C176 and C213, in the 4Fe-4S cluster-binding domain form a disulphide bond. Moreover, a strong Fe-anomalous signal was detected in the RNAP crystal within the 4Fe-4S cluster-binding domain (Supplementary Fig. 9b ), which further verifies that the RNAP does indeed carry an Fe-S cluster. Although there are many instances where Fe-S clusters provide redox potential for an enzymatic reaction, the Fe-S cluster in the RNAP is located 45 Å from its catalytic centre (Fig. 1a) and therefore is unlikely to be involved in RNAP catalysis. To examine the role of the Fe-S cluster, we constructed a mutant D subunit where the four Cys residues that coordinate the cluster were all 13 . The same four a-helix architecture, which is found in the archaeal RNAP, is conserved in the centre of the RNAPII foot domain. Rpb5 and Rpb6 also associate around the foot domain. c, Ribbon model of the bacterial RNAP 30 . The bacterial foot domain has a completely different architecture. The right side of the bacterial foot domain associates with the bacterial-specific insertion of the b9 subunit. In addition, the v tail wraps around the C terminus of the b9 subunit.
replaced with Ser. The four-Ser variant protein does not chelate the Fe-S cluster, and it forms aggregates even when the D and L subunits are co-expressed in Escherichia coli (Fig. 4) . We also obtained the same results from D subunit variants having the C183 or C203 residues substituted with Ala (data not shown). Interestingly, the 4Fe-4S cluster-binding domain is not directly involved in heterodimer formation between the D and L subunits (Fig. 1b) , but the absence of an Fe-S cluster causes the D subunit to aggregate and prevent the functional D/L subcomplex from being formed. These observations suggest that the cluster may play a role in supporting the structural integrity of the D subunit. When the Fe-S cluster is present within the S. solfataricus D subunit, it is not oxygen sensitive because we observed a complete 3Fe-4S cluster in the D/L subcomplex crystal structure, which was purified and crystallized under aerobic conditions. Although the Fe-S cluster can be removed from the D/L subcomplex using the Fe chelator 2, 29-dipyridyl, it is stable within the assembled RNAP and protected from 2, 29-dipyridyl treatment (data not shown).
S. solfataricus is not the only archaeon possessing the Fe-S cluster in RNAP (Supplementary Fig. 10 ). The 4Fe-4S cluster-binding motif has been identified in the RNAP sequence of 16 out of 28 sequenced archaeal genomes, including almost all methanogens (except Methanocaldococcus jannaschii and Methanococcus maripaludis). In addition, the 4Fe-4S cluster-binding motif is not limited to archaeal RNAPs. Twelve eukaryotic genomes, including those of plants (Arabidopsis thaliana) and protozoa (Tetrahymena thermophila), encode the 4Fe-4S cluster-binding motif within AC40, the D subunit orthologue of RNAPI and RNAPIII. Furthermore, ultraviolet-visible absorption spectra, as well as iron and acid-labile sulphide analyses, have shown that A. thaliana AC40 contains an Fe-S cluster (A.H. and K.S.M., unpublished observations). Our studies show that certain cellular RNAPs are Fe-S proteins. This result raises other intriguing questions, including why only certain cellular RNAPs possess an Fe-S cluster and what is the relation between the presence of an Fe-S cluster in the RNAPs and the environments the cell lives in. The archaeal RNAP structure provides a framework for addressing the question of what functional roles Fe-S clusters play within the transcription machinery of Archaea and Eukarya.
The archaeal K subunit is an orthologue of eukaryotic Rpb6 and bacterial v subunits, and their folds are highly conserved in the central regions. In archaeal RNAP, subunit K, along with the E9 subunit tip loop, participates in protecting the C-terminal tail of the largest subunit (Fig. 3a) , and the arrangement of these subunits is conserved in RNAPII (Fig. 3b) . The C-terminal tail (residues 78-95) of the v subunit, however, has a different trajectory compared with K and Rpb6 (Fig. 3c) . The v tail wraps around and completely covers the C-terminal end of b9. Intriguingly, this bacteria-specific protein fold may have a similar function to the corresponding tip loops of E9 of archaeal RNAP and Rpb7 of RNAPII.
Precise structural comparisons between archaeal and eukaryotic RNAPs reveal structural elements common to both systems; these insights will be useful in elucidating components unique to RNAPII that enable it to perform highly regulated gene expression 24 . The structural differences between these RNAPs are limited to the side of the face (Fig. 2 and Supplementary Fig. 11 ) that faces downstream DNA in the transcription elongation complex. From a structural perspective, it is interesting that almost all these differences can be classified as simple additions of RNAPII-specific polypeptides, including subunits (Rpb8 and Rpb9) and domains (Rpb1 CTD and Rpb5 jaw) to the archaeal RNAP, rather than changes to the core structure ( Supplementary Figs 11 and 12) .
One of the keys to understanding the mechanism of an enzymatic reaction is to have a simple and robust system that can be probed in vitro. Studies on bacterial transcription are the most advanced because the RNAP can be assembled from recombinant 25 subunits with full activity. This system allows one to use straightforward molecular biology techniques, as well as site-specific incorporation of chemical probes 26, 27 . The latter has led to several successful biophysical and biochemical studies on RNAP. Currently, these tools are not applied to eukaryotic RNAPII because this enzyme cannot be reconstituted in vitro. Furthermore, because of substantial structural differences in key regions, including the downstream DNA configuration and RNA exit channel 28 , the bacterial RNAP may not serve as a complete and representative model system for transcription in eukaryotes. Many biochemical studies, as well as this current crystallographic study, have established that the structural and functional similarities between archaeal RNAP and eukaryotic RNAPII exist on many levels. Furthermore, active archaeal RNAP can be conveniently reconstituted from its individual subunits in vitro 17, 18, 29 , and studies of promoter-dependent transcription can easily be established with fully purified general transcription factors and in vitro reconstituted RNAP. The crystal structure presented here reveals that archaeal RNAP is not only a simplified version of its eukaryotic RNAPII counterpart but also an excellent model system for dissecting the molecular basis of eukaryotic transcription.
METHODS SUMMARY
S. solfataricus RNA polymerase purification, crystallization and structure determination. Native RNAP was purified from S. solfataricus P2 cells for crystallization and structure determination. Primitive monoclinic P2 1 crystal contained two 377 kilodalton (kDa) RNAP molecules per asymmetric unit. The final R-work and R-free factors are 27.0% and 34.3%, respectively. Figures were prepared by PyMOL. Purification, crystallization and structure determination of the S. solfataricus D/L subcomplex. An electron-density map at 1.76 Å resolution ( Supplementary  Fig. 9c ) was obtained by a combination of molecular replacement by using the yeast Rpb3/Rpb11 structure 8 as a search model and density modification. The final R-work and R-free factors are 21.0% and 24.7%, respectively. 
